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In the current analysis, we have investigated both the cytoskeletal and signaling roles of h-catenin during the early phases of lens
development using conditional loss- and gain-of-function strategies. Conditional loss of b-catenin in the presumptive lens does not perturb
the normal sequential appearance of lens fate markers but results in a dramatic failure of the coordinated epithelial cell behavior that
constitutes lens morphogenesis. Similarly, loss-of-function for Lrp6, the Wnt pathway coreceptor expressed in the eye primordium, does not
prevent expression of lens induction markers. Surprisingly, conditional deletion of b-catenin in periocular ectoderm results in the formation
of Prox-1 and h-crystallin-positive ectopic lentoid bodies. Combined with the observation that the Wnt pathway reporter TOPGAL is
expressed in nasal periocular ectoderm, these data suggest that, in this location, the canonical Wnt signaling pathway normally suppresses
lens fate in favor of other structures. Consistent with this proposal, a dominant-active form of h-catenin causes a loss of lens fate and a
complete absence of lens development when expressed in the presumptive lens ectoderm.
D 2005 Elsevier Inc. All rights reserved.Keywords: Lens induction; Lens development; Morphogenesis; h-catenin; Pax6; Lrp6; Wnt signaling; Ectopic lentoid bodiesIntroduction
The lens has served as simple model system in which to
understand basic mechanisms of development. Beginning
with the classical optic rudiment ablation experiments
(Spemann, 1901), we have understood that signals are
exchanged between the presumptive lens and the presump-
tive retina and that these signals modify the fate of each
tissue. Recently, we have come to understand the identity of
some of the signaling pathways involved and have derived
genetic models to explain the larger process (Treisman and
Lang, 2002; Lang and McAvoy, 2003). Interestingly, in
several cases, signaling pathway mutant mice with defects
in lens induction and fate determination also fail to initiate
the epithelial morphogenesis that is a critical step in lens0012-1606/$ - see front matter D 2005 Elsevier Inc. All rights reserved.
doi:10.1016/j.ydbio.2005.07.019
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E-mail address: Richard.Lang@cchmc.org (R.A. Lang).formation. For example, in the presumptive lens of Bmp7
null mice, the lens induction marker Pax6 is not upregulated
and there is a failure to form both lens placode and lens pit
(Wawersik et al., 1999). Similarly, in mice with suppressed
(Faber et al., 2002) or defective (Gotoh et al., 2004) Fgf
pathway signaling in the lens placode, there is a reduced
level of Pax6 expression and defects in lens pit invagination.
These observations have suggested that inductive signaling
pathways are linked to the machinery that controls epithelial
morphogenesis.
h-catenin is a bi-functional molecule with a critical role in
both signal transduction and morphogenesis. In many
settings, h-catenin is required for cell adhesion and morpho-
genesis. Current models suggest that it forms a link between
the cytoplasmic domain of the calcium-dependent adhesion
molecules of the cadherin family and the actin cytoskeleton.
This system of linkage provides continuity of the cadherin–
catenin–actin macromolecular complex throughout cellular285 (2005) 477 – 489
A.N. Smith et al. / Developmental Biology 285 (2005) 477–489478structures (Perez-Moreno et al., 2003). Loss of h-catenin
function in the mouse results in gastrulation failure (Haegel et
al., 1995) and defects in hair follicle morphogenesis when
deleted conditionally in the embryonic ectoderm (Huelsken et
al., 2001). h-catenin has a function in stabilizing actin
filaments; it has been observed that F-actin is dismantled
when the cadherin h-catenin complex is disrupted.
As a signal transduction molecule, h-catenin has a
critical function in embryonic development and an impor-
tant role in tumorigenesis (Nusse, 1992; Wodarz and Nusse,
1998). h-catenin functions in the so-called canonical Wnt
signaling pathway that is activated by Wnt family ligands.
Optimal Wnt signaling requires two transmembrane com-
ponents, a multi-transmembrane domain frizzled family
receptor (of which there are 9 in the mouse) and the
Drosophila arrow-related co-receptor Lrp5 (Hey et al.,
1998) or Lrp6 (Brown et al., 1998). Lrp5 and Lrp6 are part
of a larger class of receptors related to the low density
lipoprotein receptor, but only Lrp5 and Lrp6 are closely
related to arrow, the Drosophila Wnt signaling co-receptor
(Wehrli et al., 2000). Engagement of a Frizzled/Lrp5/6
complex by a Wnt ligand results in activation of Dishevelled
and, in turn, suppression of the activity of glycogen
synthase kinase-3h (GSK3h). When Dishevelled suppresses
GSK3h, h-catenin is no longer phosphorylated and is
stabilized. When h-catenin is stabilized, it associates with
transcription factors of the TCF/Lef family and activates
transcription of a set of target genes (Behrens et al., 1996;
Hsu et al., 1998). Recent reports have suggested that Lrp6
and the Wnt signaling pathway has a role in late lens
development including lens epithelial (Stump et al., 2003)
and fiber cell differentiation (Lyu and Joo, 2004).
In the current report, we have investigated the function of
h-catenin in the early stages of lens development. We show
that h-catenin loss-of-function has no impact on the normal
sequence of lens fate marker acquisition in the presumptive
lens but does result in a profound defect in lens cell
adhesion and coordinated epithelial morphogenesis. Sur-
prisingly, h-catenin loss-of-function also resulted in the
development of ectopic lentoid bodies in Pax6 expressing
periocular ectoderm, notably in the Wnt-responsive region
immediately nasal to the eye. Furthermore, h-catenin gain-
of-function resulted in the complete absence of lens
formation in central ocular epithelium. Combined, these
data suggest a model in which canonical Wnt pathway
signaling is normally required to suppress lens formation
and redirect Pax6 expressing periocular ectoderm away
from lens fate and towards the formation of other structures.Materials and methods
Animal maintenance and use
Animals were housed in a pathogen-free vivarium in
accordance with institutional policies. Gestational age ofembryos was determined through detection of a vaginal plug.
At specific gestational ages, fetuses were removed by
hysterectomy after the dams had been anesthetized with
isoflurane. The following genetically modified mice were
used in this study: Lens-Cre (Ashery-Padan et al., 2000), Z/
AP (Lobe et al., 1999), TOPGAL (DasGupta and Fuchs,
1999), h-catenin conditional loss-of-function (Catnbtm2Kem;
Brault et al., 2001), h-catenin conditional gain-of-function
(Catnblox(ex3); Harada et al., 1999), and Lrp6lacz (Pinson et
al., 2000).
Immunofluorescence labeling
For cryosectioning, staged embryos were fixed with 4%
paraformaldehyde (for times ranging between 5 min and
overnight), cryoprotected in 15% and then 30% sucrose,
and 10 AM frozen sections prepared. Sections were
blocked for 30 min in 4% milk/TST (10 mM Tris–HCl,
pH 7.4; 150 mM NaCl; 0.1% Tween20). Sections prepared
for Chx10 antibody staining were permeablized with 1
PBS/1%Triton X-100 for 20 min prior to blocking.
Overnight primary antibody incubation was performed at
room temperature followed by secondary antibody incu-
bation for 30 min. Primary antibody identities and
dilutions are as follows: polyclonal rabbit anti-Pax6
(1:1000, Covance, PRB-278P), polyclonal sheep anti-
Chx10 (1:2000, Exalpha X1180P), polyclonal rabbit anti-
h-catenin exon 3 region (1:500, Cell Signalling Technol-
ogy), polyclonal rabbit anti-h-catenin C-terminus (1:2500,
Sigma, C2206), polyclonal rabbit anti-hIII-tubulin (TUJ1)
(1:500, Covance), monoclonal mouse anti-Plakoglobin
(1:50, Zymed #13-8500), monoclonal anti-N-cadherin
(1:250, Zymed #33-3900), polyclonal rabbit anti-ZO-1
(1:500, Zymed #61-7300), polyclonal rabbit anti-Prox-1
(1:5000, Chemicon #AB5475), monoclonal mouse anti-
AP-2 (1:500, Iowa Hybridoma Bank #3b5). Alexa Fluor
secondary antibodies and Alexa phalloidins were obtained
from Molecular Probes and used at a 1:1000 dilution (#A-
11072, #A-11020, #A-11070, #A-11017, #A-12381). All
sections were counterstained with Hoechst 33342 (Sigma,
#B-2261) for visualization of nuclei.
Whole-mount immunohistochemistry
WT, Catnbtm2Kem/+; Lens-cre, and Catnbtm2Kem/tm2Kem;
Lens-cre embryos were dissected between E12.5 and
E14.5, fixed for 2 h in 4% paraformaldehyde/PBS at
4-C, dehydrated in 100% methanol, and fixed again in
20% DMSO/80% methanol overnight at 4-C. The staining
was performed in the following way: embryos were
bleached in 6% H2O2 in 20% DMSO/80% methanol for
5 h at room temperature, rehydrated to PBS, blocked in
10% goat serum/PBT overnight at 4-C, and then incubated
with 1:1000 rabbit anti-h-crystallin antibody overnight at
4-C. After this primary antibody incubation, embryos were
washed 3 times for 5 min, 5 times for 1 h, and then once
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secondary goat anti-rabbit HRP-conjugated antibody (Jack-
son ImmunoResearch, 111-035-003) for 6 h at room
temperature and washed 3 times for 10 min and then
overnight with PBT at 4-C. The color reaction was
developed using 3,3V-Diaminobenzidine Tetrahydrochloride
(DAB) chromogen (Sigma, D7679). After the reaction was
completed, the embryos were washed in PBS, fixed in 4%
paraformaldehyde/PBS, and washed in PBT.
X-gal staining
Staged embryos expressing LacZ reporter genes were
fixed for 30 min using X-gal fixative (1% Formaldehyde,
0.2% Glutaraldehyde, 2 mM MgCl2, 5 mM EGTA, 0.01%
NP-40) and washed twice with 1 PBS/0.02% NP-40 for 15
min. Embryos were then stained with X-gal solution (5 mM
K3Fe(CN)6, 5 mM K4Fe(CN)6, 1 M MgCl2, 0.01% NP-40,
1 mg/mL X-gal) overnight, post-fixed with 4% paraformal-
dehyde for 1 h, cryoprotected, and where required, 10 AM
sections prepared.
AP staining
Embryos were dissected and immediately fixed with X-
gal fixative at 4-C overnight. Samples were then washed in
AP buffer (100 mM Tris–HCl pH 9.5, 100 mM NaCl, 10
mM MgCl2, 2 mM Levamisole) at 4-C overnight. Endog-
enous alkaline phosphatases were inactivated by incubation
in fresh wash buffer at 75-C for 30 min. Another change of
wash buffer and incubation for several hours at 4-C were
followed by incubation in BM Purple AP substrate
(Boehringer Mannheim) for 24–48 h at 4-C. After staining
was complete, the samples were washed extensively in PBS
containing 0.1% Tween-20, 2 mM MgCl2, and 2 mM
Levamisole. To avoid subsequent non-specific staining,
embryos were post-fixed with 4% paraformaldehyde for 2 h
and then stored in PBS. Where required, embryos were also
used for 10 AM cryosections.Results
Conditional deletion of b-catenin in presumptive lens and
periocular ectoderm
Identification of an ocular ectoderm-specific enhancer
(designated EE) from the Pax6 gene (Williams et al., 1998;
Kammandel et al., 1999; Xu et al., 1999) provides an
opportunity to generate a cre recombinase expressing
transgene (designated lens-cre; Ashery-Padan et al., 2000)
for conditional deletion of floxed alleles in the presumptive
lens and surrounding head surface ectoderm. To spatially
define the region in which lens-cre is active, we combined
this driver with the Z/AP reporter line that activates alkaline
phosphatase (AP) expression upon cre-mediated recombi-nation (Lobe et al., 1999). Staining of lens-cre; Z/AP
embryos for AP activity has shown that, as might be
expected from reporter transgenes employing EE (Williams
et al., 1998; Kammandel et al., 1999; Ashery-Padan et al.,
2000), at E9.5 (Figs. 1A, B), AP activity is detected in a
tear-drop shaped region of surface ectoderm that includes
the presumptive lens. Similarly, at E10.5, AP activity is
detected in a region that includes the lens vesicle, periocular
ectoderm, and the ectoderm of the naso-lacrimal groove that
arises at the fusion point between the dorsal first branchial
arch and lateral nasal process (Figs. 1C, D). From E9.5 to
E15.5, we have not detected any indication of lens-cre
activity in developing retina.
Conditional deletion of b-catenin in the ocular region
surface ectoderm was achieved by combining lens-cre with a
conditional allele of b-catenin (Catnbtm2Kem) in which exons
2–6 are flanked by lox sites (Brault et al., 2001). The
genotype of example embryos assessed in this analysis is
indicated on the figure panels, but in the text, we refer only to
control (lens-cre, Catnbtm2Kem/+, or Catnbtm2Kem/+) and
mutant (lens-cre, Catnbtm2Kem/tm2Kem) embryos for the sake
of simplicity.
In contrast with controls, at the day of birth, mutant
mice displayed incomplete formation of the eyelids,
microophthalmia with a small, irregularly shaped pupil,
and a cleft in the skin that extended from the eye anteriorly
into the rows of whisker follicles (Figs. 1E, F). These
changes were consistent with the region of lens-cre
expression (Figs. 1A–D) and were highly penetrant, being
present with minimal variation in all mice of the
appropriate genotype. One prediction of b-catenin inacti-
vation would be that canonical Wnt pathway signaling
would be defective. To determine whether this might be
the case for mutant embryos, we took advantage of the
TOPGAL reporter line that expresses lacz in response to
activation of the canonical Wnt pathway (DasGupta and
Fuchs, 1999). At E8.5 and E9.5, there is no indication of
TOPGAL expression in the presumptive lens ectoderm
according to X-gal staining (data not shown). At E10.5,
many regions of the embryos express TOPGAL, but within
the eye region, only the dorsal optic vesicle is positive
(Fig. 1G). By E12.5, however, TOPGAL expression is
observed in periocular tissue (Figs. 1H–K). In particular,
TOPGAL is expressed in the presumptive eyelids (Fig. 1H,
white arrowheads) and more strongly in a region anterior
to the eye (Fig. 1H, red arrowheads). This region of
TOPGAL-positive tissue comprises invaginating conjunc-
tival epithelium (Fig. 1J, red dashed line) and adjacent
mesenchyme. Importantly, in mutant embryos, X-gal
staining in periocular regions is lost or reduced (Fig. 1I,
arrowheads). Cryosections showed that despite normal
TOPGAL expression in presumptive retina, periocular
ectoderm did not label with X-gal (Fig. 1K, red dashed
line). These data are consistent with the expectation that
canonical Wnt pathway signaling would be defective in the
absence of h-catenin.
Fig. 1. The domain of action of lens-cre and suppression of Wnt signaling. (A–K) Whole-mount (A, C, E– I) or cryosections of whole-mount embryos
unlabeled (E, F) or labeled for alkaline phosphatase (A–D) or h-galactosidase (G–K). Genotypes and ages as indicated. In panels (H) and (I), white and red
arrowheads indicate dorsal/ventral and nasal regions, respectively, where X-gal staining is observed (H) or is reduced (I). In panels (J) and (K), the red dashed
line indicates the nasal invaginating ectoderm that will give rise to conjunctival and Harderian gland epithelium. Labeled structures for this and all subsequent
figures are as follows: lpl—lens placode, ov—optic vesicle, pce—presumptive corneal epithelium, lv—lens vesicle, pr—presumptive retina, dov—dorsal optic
vesicle, pm—periocular mesenchyme, l—lens, oc—optic cup.
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revealed that eye and lens development was abnormal. To
directly assess whether h-catenin levels were changed in
the central, presumptive lens region of mutant embryos, we
performed immunofluorescence for h-catenin on cryosec-
tions (Fig. 2). Since lens-cre also expresses green
fluorescent protein (GFP) as a second open reading frame
(Ashery-Padan et al., 2000), we could also directly
determine whether the lens-cre expression domain corre-
sponded to a region where h-catenin levels were dimin-
ished. At E9.5 in control, lens-cre negative embryos (Fig.
2A), h-catenin immunoreactivity is located at cell bounda-
ries in both the presumptive lens and optic vesicle epithelia
and no GFP signal is observed. By contrast, in lens-cre-
positive mutant embryos (Fig. 2B), GFP signal is prom-
inent in the lens placode, and in a corresponding region, h-
catenin immunoreactivity is reduced. The E9.5 optic vesicle
serves as an internal control. In this location, h-catenin
levels are not altered in mutant embryos (Fig. 2B). A
comparison of control (Fig. 2C) and mutant (Fig. 2D)
embryos at E10.5 reveals that at this stage, h-catenin
immunoreactivity is undetectable in the presumptive lens
of the mutant but is prominent in the control. Combined,
these data indicate that (1) lens-cre specifically deletes
Catnbtm2Kem/tm2Kem within the presumptive lens and sur-
rounding head ectoderm and (2) that h-catenin is eliminated
by approximately E10.0.b-catenin is required for lens cell adhesion and
morphogenesis
As might be expected, given models for cadherin-F-
actin linkage through h-catenin (Perez-Moreno et al.,
2003), conditional deletion of b-catenin in the presumptive
lens results in a failure of epithelial cell adhesion and
morphogenesis. This was apparent when cryosections were
labeled for filamentous (F) actin or the tight junction
protein ZO1. At E9.5, F-actin labeling with phalloidin did
not reveal any differences between control (Fig. 3A) and
mutant embryos (Fig. 3B), presumably because at this
stage, some h-catenin remains (Fig. 2B). However, at
E10.5, phalloidin labeling showed that unlike control
embryos where F-actin is observed as a continuous line
of labeling on the inner face of the lens pit (Fig. 3C), the
cytoskeletal complex in mutant embryos is discontinuous
(Fig. 3D, white brackets). Similarly, in a normal E10.5 lens
pit, ZO1 is largely restricted to the apex of the cells within
the invaginating epithelium and labels as a continuous line
of immunoreactivity (Fig. 3E). By contrast, in the mutant,
there are regions of invaginating epithelium in which ZO1
labeling is reduced or absent (Fig. 3F, white brackets).
Furthermore, it is frequently the case that, within the lens
pit and adjacent to regions of reduced F-actin and ZO1
labeling, cells are observed separated from the epithelium
and inside the major line of F-actin/ZO1 labeling (Figs.
Fig. 2. Conditional deletion of h-catenin in presumptive lens. (A–D)
Cryosections of the indicated embryonic stage (upper right) and genotype
(above) showing fluorescence signal for GFP (green) Hoechst 33258
nuclear labeling (blue) and indirectly detected h-catenin (red). For clarity, in
addition to the top panel in panels (K)– (L) where colors are merged, the red
and green channels are shown separately in panels below. Ple—presumptive
lens ectoderm, lp—lens pit, m—mesenchyme.
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2D and 4), these cells express lens markers and are
therefore likely to have been sloughed from the epithelium.
These cells frequently have nuclei positive for the TUNEL
assay (data not shown) and have apoptotic morphology. It
is also clear that the normal process of lens morphogenesis
is dramatically affected in mutant embryos. This first
becomes apparent at approximately E10.0–10.5 when the
lens pit of mutant mice is flattened and does not have the
normal spherical shape (compare Figs. 2C with D, Figs.
3C, E with D, F). The lens pit of mutant embryos also
often appears ‘‘scalloped’’ where breaks in the continuous
curve of the epithelium correspond to breaks in cytoske-
letal or junctional complexes (Figs. 3D, E, green arrow-
heads). Later in development at E11.5 and 12.5, lens cells
(as indicated by GFP signal in mutant embryos) are clearly
highly disorganized and form an amorphous mass within a
misshapen retinal cup (Figs. 3G–J). Combined, these data
suggest that h-catenin is required for lens cell adhesion
and for the coordinated epithelial behavior that constitutes
lens morphogenesis.b-catenin or Lrp6 loss-of-function does not alter lens fate in
central ocular ectoderm
To determine whether loss of h-catenin function might
have an impact on lens fate, we assessed expression of the
lens fate markers Pax6, Prox1, and h-crystallin. In normal
embryos, Pax6 is upregulated in the lens placode starting
at approximately E9.0 (Grindley et al., 1995; Faber et al.,
2001). This phase of Pax6 expression is known to be
necessary (Fujiwara et al., 1994; Ashery-Padan et al.,
2000; Collinson et al., 2000) and, in some settings
(Altmann et al., 1997; Chow et al., 1999) sufficient for
lens development. Thus, in many mutant mice where lens
development fails, placodal Pax6 expression is lost
(Wawersik et al., 1999; Gotoh et al., 2004). It is therefore
an excellent marker of lens induction. Furthermore, the
Pax6 gene EE is responsible for a large proportion of the
Pax6 expression that appears in the lens placode (Dimanlig
et al., 2001). Since the EE is used to drive expression of
lens-cre, GFP signal is also a good marker of lens cell
fate. Labeling of control (Figs. 4A, B) and h-catenin loss-
of-function mutant (Fig. 4C) embryos revealed that Pax6
immunoreactivity in presumptive lens ectoderm appeared
normal. This suggests that the loss of h-catenin activity
does not affect fate decisions at this early stage of lens
development.
The transcription factor Prox1 is essential for differ-
entiation of lens fiber cells (Wigle et al., 1999) and is
expressed in the presumptive lens starting at approximately
E10.0, slightly later than the placodal phase of Pax6. It is
therefore an excellent indicator of the earliest decisions for
fiber cell fate in the lens. In normal embryos, it is detected
in the nuclei of lens pit epithelial cells, except those closest
to the surface ectoderm (Fig. 4D). Similarly, despite
abnormal lens pit morphogenesis, E10.5 mutant embryos
also express Prox1 and also tend to show higher levels in
the region of the lens pit closest to the retina (Fig. 4E). By
E11.5, Prox1 distribution has become localized to the cells
at the base of the lens pit (Fig. 4F). This distribution is
also observed in the GFP-positive lens cells of mutant
embryos even where morphogenesis is dramatically abnor-
mal (Fig. 4G).
h-crystallin is one of the many highly-expressed soluble
crystallin proteins that confer the property of transparency
on the lens. It is upregulated as lens fiber cells begin their
differentiation (McAvoy, 1978) and is readily observed
beginning at approximately E11.5 in control embryos (Fig.
4H). Interestingly, h-catenin loss-of-function embryos also
show robust levels of h-crystallin immunoreactivity in the
abnormally-shaped, GFP-positive central lens structures
(Fig. 4I, dashed white line). Since GFP expression is
dependent upon Pax6 gene control elements (Ashery-Padan
et al., 2000), this is an indication that mutant cells express
Pax6 at E11.5. This is also true at E12.5 where despite the
absence of the normal lens vesicle observed in control
embryos (Fig. 4J), mutant embryos show loose aggregates
Fig. 3. h-catenin is required for lens cell adhesion and morphogenesis. (A–J) Cryosections of the indicated embryonic stage (upper right) and genotype (A–F,
above, H–J, below) showing labeling for GFP (green) Hoechst 33258 nuclear labeling (blue) and F-actin (red: A–D, G–J) or ZO-1 (red: E, F). For clarity, in
panels (A)– (F), the red channel is shown separately in panels below. In panels (C)– (F), the green channel is not shown. lm—lens mass.
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immunoreactive (Fig. 4K, inset). Similarly, h-crystallin
immunoreactivity remains in abnormally shaped mutant
lens structures at E14.5 (Figs. 4L, M). Combined, these data
indicate that the loss of h-catenin does not greatly influence
the normal progression of lens cell fate decisions.
Since h-catenin has both structural and signaling
functions, we also determined whether mice mutated in
the Wnt pathway coreceptor Lrp6 (Pinson et al., 2000)
have any defects in eye development. These mice would
be expected to have only a signaling deficit. Though Lrp5
is an additional Wnt coreceptor, the mutant phenotype
does not give any indication of a function in early eye
development (Gong et al., 2001; Kato et al., 2002).
According to X-gal labeling of Lrp6lacz/+ embryos (Pinson
et al., 2000), Lrp6 is expressed throughout the tissues of
the eye at E9.5 (Fig. 5A) but is downregulated dramati-
cally by E10.5 and is observed only at low levels in the
epithelium that forms the junction between the lens pit and
surface ectoderm (Fig. 5B). Assessment of the expression
of the lens induction marker Pax6 at E9.5 indicates that
despite a developmental delay, there is still an upregulation
in the lens placode (Figs. 5C–F). Despite previous reports
(Stump et al., 2003), we have been unable to generate
Lrp6 mutant embryos beyond E10.5. At this stage, mutant
embryos are showing signs of degeneration with many
apoptotic figures (Figs. 5G, H). Even so, the lens
development marker Sox2 is expressed in the small lens
pit at E10.5 (Figs. 5G, H). These findings are consistent
with the suggestion that canonical Wnt signaling does not
dramatically influence inductive signaling and fate deci-
sions during lens development.b-catenin loss-of-function results in ectopic lentoid bodies
in periocular ectoderm
During the course of assessing lens fate marker dis-
tribution in h-catenin loss-of-function embryos, we noticed,
surprisingly, that some cells positive for lens markers fell
well outside the central ectodermal region normally fated to
become lens (Fig. 4I, yellow dashed line, M, yellow
arrowhead). To investigate further, we performed whole
embryo histochemical labeling for h-crystallin (Figs. 6A–
D). In control embryos at E15.5, very little immunoreactiv-
ity was observed. The lens was presumably too deep within
the eye to label effectively in whole-mount, but some signal
was observed adjacent to the closing eyelid suture (Fig. 6A).
By contrast, mutant embryos showed a broad distribution of
h-crystallin immunoreactivity in the nasal periocular region
at both E14.5 and E15.5 (Figs. 6B–D). The immunore-
activity appeared to consist of single cells or small clusters
of cells and extended from just nasal to the eye to the nasal
extremity and ventrally onto the upper lip (Figs. 6B–D, red
arrowheads). The most consistent region of h-crystallin
immunoreactivity was the region immediately nasal to the
eye.
Further sectioning of mutant embryos revealed that lens
marker-positive cell aggregates well outside the eye region
were a very consistent finding. In some cases, these cells
were detected individually, or, in agreement with whole-
mount labeling, as small clusters (Figs. 6E–F, white
arrows). In addition, we routinely found large clusters of
lens marker-positive cells adjacent to the eye. At E14.5,
control embryos show the anticipated distribution of h-
crystallin and Prox1 (Figs. 6G, H) in fiber cells and fiber
Fig. 5. Lrp6 mutation does not prevent lens induction. (A–H) Cryosec-
tions of the indicated embryonic stage (upper right) and genotype (lower
right) showing labeling for Lrp6lacz expression with X-gal (A, B, blue) for
nuclei with Hoechst 33258 (C–H, blue), for Pax6 (D, F, red), and Sox2
(G, H, red).
Fig. 4. lens-cre-mediated b-catenin loss-of-function does not alter lens fate
in central ocular ectoderm. (A–M) Cryosections of the indicated embryonic
stage (upper right) and genotype (A–C, above, D–M, below) showing
labeling for GFP (green) Hoechst 33258 nuclear labeling (blue) and Pax6
(red: A–C, J, K), Prox1 (red: D–G), or h-crystallin (red: H, I, L, M). For
clarity, in addition to the top panel in panels (A)– (C) where colors are
merged, the red and green channels are shown separately in panels below.
The inset in panel (K) shows red Pax6 immunoreactivity in the region
indicated by the white corner markers. In panels (I) and (M), ectopic lentoid
structures are indicated by yellow dashed region (I) or yellow arrowhead
(M). el—ectopic lentoid.
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embryos at the same age, these markers were found in the
abnormal central lens (Figs. 6I, L, J, M) but were also found
in ectopic cell clusters located nasal to the eye (Figs. 6I, L,
K, N). Though GFP signal was sometimes difficult to detect,these ectopic structures were frequently GFP-positive, thus
indicating that their origin was Pax6 and lens-cre expressing
periocular ectoderm (Figs. 6I, L). Ectopic cell clusters
showed a level and distribution of h-crystallin and Prox1
labeling comparable with the central lens region of the
mutant mice (Figs. 6J–N). Given the shape, size, and
marker expression of these cell clusters, we suggest they
represent ectopic lentoid bodies. Early lethality precluded an
assessment of ectopic lentoid body formation in the Lrp6
mutant mice.
b-catenin gain-of-function suppresses lens formation in
central ocular ectoderm
According to TOPGAL expression, the large ectopic
lentoid bodies located nasally are derived from the same
domain of periocular ectoderm that is normally canonical
Wnt pathway-responsive (Fig. 1J). This region of invagi-
nating periocular ectoderm normally forms the conjunctival
epithelium and the epithelial component of the Harderian
gland duct (Makarenkova et al., 2000). We have also shown
Fig. 6. h-catenin loss-of-function gives ectopic lentoid bodies in periocular
ectoderm. Samples are of the indicated embryonic stage (upper right) and
genotype (lower right). (A–D) h-crystallin labeled, whole-mount embryos.
The brown color associated with the orbit is pigment from the retinal
pigment epithelium. h-crystallin immunoreactivity is indicated by the red
arrowheads. (E–N) Cryosections showing labeling for GFP (green),
Hoechst 33258 nuclear labeling (blue), and h-crystallin (red) or Prox1
(red) as indicated (lower left). In panels (E) and (F), ectopic lentoid bodies
(white arrows) and abnormally shaped lens in the eye (white arrowhead) are
indicated. The regions indicated by dashed boxes in panels (I) and (L) are
shown magnified in panels (J), (K), (M) and (N) without the GFP signal.
le—lens epithelium, pfc—primary fiber cells.
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embryos, this domain of periocular ectoderm loses its Wnt
responsiveness (Fig. 1K). One hypothesis to explain these
observations is that normally, the Wnt pathway suppresseslens formation in nasal periocular ectoderm and that, in the
absence of h-catenin and Wnt pathway signaling, lens
development can proceed.
One prediction of this hypothesis is that if aberrantly
activated, the canonical Wnt pathway would suppress
formation of the lens centrally. To test this, we have taken
advantage of a gain-of-function allele of h-catenin (des-
ignated Catnblox(ex3)) in which exon 3 is flanked by lox sites
(Harada et al., 1999). Since exon 3 encodes the region of h-
catenin required for destabilization, cre-mediated recombi-
nation of this allele results in expression of a stabilized,
constitutively active form of h-catenin (Gounari et al., 2001;
Harada et al., 1999). We find that when lens-cre and the Z/
AP reporter are combined with Catnblox(ex3), we observe the
anticipated expression of the Z/AP reporter in ectodermal
derivatives of the eye at E10.5 (Figs. 7A–D), but in gain-of-
function embryos, we do not observe any morphological
indication of lens formation. Furthermore, by combining
lens-cre and Catnblox(ex3) with TOPGAL, we observe that
the canonical Wnt pathway was activated in the anticipated
region of surface ectoderm at E9.5 and E10.5, according to
X-gal labeling (Figs. 7E–H).
In addition, we have tested the efficacy of the exper-
imental strategy using anti-h-catenin antibodies that bind to
either exon 3 encoded or C-terminal epitopes. At E10.5 in
Catnblox(ex3)/+ embryos, the anti-C-terminal antibodies
detect low levels of junctional h-catenin in the lens vesicle,
the presumptive corneal epithelium, and the presumptive
retina (Fig. 7I). In lens-cre; Catnblox(ex3)/+ embryos, the C-
terminal antibody still labels junctional h-catenin in the
optic vesicle, but also detects high levels of h-catenin in the
presumptive lens ectoderm (Fig. 7J). An assessment of the
localization of h-catenin immunoreactivity in ectoderm-de-
rived tissues of Catnblox(ex3)/+ and lens-cre; Catnblox(ex3)/+
embryos reveals that, in mutant embryos, much of the signal
present is found in the nucleus (compare Figs. 7K with L).
This is consistent with activation of the canonical Wnt
pathway. Detection of h-catenin with the exon 3 region
antibody reveals that, in control Catnblox(ex3)/+ embryos,
junctional h-catenin can be detected in lens and retinal
structures (Figs. 7M, O, P). By contrast, in lens-cre;
Catnblox(ex3)/+ embryos at E9.75 and E10.5 (when lens-cre
is expressed), the exon 3 region antibody only detects h-
catenin in retinal structures (Figs. 7N, P, R). When
combined with the results of immunodetection with the C-
terminal antibody, these data suggest that the stabilized
form of h-catenin has the additional effect of destabilizing
normal h-catenin that is expressed by the wild-type allele
also present in these embryos. Combined, these data
indicate that the manipulations performed activate the
canonical Wnt pathway in the presumptive lens and that
this has the consequence of preventing lens morphogenesis
(Figs. 7D, J, L, R).
To determine whether, as our hypothesis might predict,
canonical Wnt pathway activation suppresses the acquisition
of lens fate, we determined whether lens markers were
Fig. 7. h-catenin gain-of-function suppresses lens formation in central ocular ectoderm. Samples are of the indicated embryonic stage (upper right) and
genotype (figure top and panel lower right). Panels (A)– (D) have been labeled for the expression of Z/AP and panels (E)– (H) for the expression of TOPGAL
using the BM purple and X-gal substrates, respectively. Panels (C) and (D) are eye region sections of whole-mount mount embryos like those shown in panels
(A) and (B), respectively. The region expressing TOPGAL in lens-cre; Catnblox(ex3)/lox(ex3) embryos is demarcated by a red dashed line (F, H) and the equivalent
region is shown in control embryos (E, G). (I –L) Immunofluorescence labeling as indicated by the bracket below the panels. Panels (K) and (L) are increased
magnifications of panels (I) and (J), respectively. In panels (K) and (L), red (h-catenin C-terminus) and blue (nuclei) channels are shown separated below the
image with merged colors. (M–R) Immunofluorescence labeling as indicated by the bracket below the panels. In each case, the red channel (h-catenin exon 3
region) is shown separately. In lens-cre; Catnblox(ex3)/lox(ex3) embryos shown in panels (J), (L), (N), (P), and (R), we do not observe any GFP signal because we
used a longer fixation than the tissues shown in Figs. 2–5. oe—optic eminence.
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of-function embryos (Fig. 8). At E8.5, prior to the
expression of lens-cre, there was no discernible difference
in presumptive lens expression of Pax6 in control and h-Fig. 8. h-catenin gain-of-function suppresses lens fate in central ocular ectoderm
showing labeling for F-actin (green: A–F, I–L) Hoechst 33258 nuclear labeling (b
L). In lens-cre; Catnblox(ex3)/lox(ex3) embryos shown in panels (D), (E), (F), (H),
fixation than the tissues shown in Figs. 2–5.catenin gain-of-function embryos (Figs. 8A, D). By E9.75,
the level of Pax6 expression in the presumptive lens of
mutant embryos is reduced compared with controls (Figs.
8B, E) and by E10.5, Pax6 expression in presumptive lens is. (A–L) Cryosections from embryos of the indicated age and genotype
lue: G, H, K, L) and Pax6 (red: A–F), AP2 (red: G–J), or h-tubulin (red: K,
(J) and (L), we did not observe any GFP signal because we used a longer
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marker (West-Mays et al., 1999), is also present in the
presumptive lens at E9.5 but is dramatically reduced in the
mutant embryo by E10.5 (Figs. 8G–J). According to
TUNEL labeling (Gavrieli et al., 1992), there is no
indication that presumptive lens cells in the gain-of-function
embryos undergo higher rates of apoptosis (data not shown).
Unlike the lens, we find that the presumptive retina in h-
catenin gain-of-function embryos acquires cell fates with
normal progression. For example, the retinal induction
marker Chx10 (Liu et al., 1994) is expressed in the
presumptive retina at E9.5 and E10.5 with the expected
level and distribution (data not shown). When combined
with data showing that lens morphogenesis has failed in
gain-of-function embryos (Figs. 7 and 8), the absence of the
lens fate markers Pax6 and AP-2a makes a strong case that
aberrantly active canonical Wnt pathway signaling can
suppress lens formation. We also find that under the
influence of continued canonical Wnt pathway signaling,
presumptive lens cells in h-catenin gain-of-function
embryos acquire a neural fate according to a variety of
markers including h-tubulin (Fig. 8L and data not shown), a
neural-specific marker that is normally absent from the lens
lineage (Fig. 8K).Discussion
In the current analysis, we have investigated whether the
signaling or structural functions of h-catenin are required
for the early stages of lens development using conditional
gain and loss-of-function experimental strategies. Interest-
ingly, we find evidence that both activities are important,
but in different domains of lens-competent head surface
ectoderm. In the lens placode that is centrally located and
destined to become the lens proper, h-catenin is required for
cell adhesion and coordinated epithelial cell morphogenesis
but not for canonical Wnt pathway signaling or for the
acquisition of lens fate. While we cannot exclude the
possibility that h-catenin has a signaling role in the
presumptive lens prior to E9.5, the appearance of lens
induction markers in the Lrp6 mutant mice tends to confirm
that canonical Wnt pathway signaling is not required for
lens induction. Surprisingly, in head surface ectoderm
outside the lens placode, loss of h-catenin function results
in the formation of ectopic lentoid bodies. These phenotypic
changes suggest that appropriate activation and suppression
of Wnt signaling within ocular region ectoderm are critical
for correct patterning.
Lens morphogenesis requires b-catenin
Immunofluoresence detection of h-catenin in lens-cre;
Catnbtm2Kem/tm2Kem embryos shows that the gene product is
absent by E10.0 in a broad region of ocular and facial
ectoderm. This has dramatic consequences for morpho-genesis of the lens and periocular structures but little impact
on development of the remainder of the head surface
ectoderm. This might be explained by the greater degree of
cytoskeletal remodeling demanded by the epithelial shape
changes during lens development compared with other
facial ectoderm. Furthermore, though we can detect
plakoglobin in the presumptive lens ectoderm (data not
shown), it is clearly not adequate, perhaps either in level or
activity, to substitute for the loss of h-catenin as might have
been expected given the redundancy suggested in other
systems (Gallicano et al., 2001).
The consequences of loss of h-catenin for the cytoske-
leton are dramatic; the normally continuous band of F-actin
staining observed on the inner face of the invaginating lens
pit becomes discontinuous and the intensity of staining
much lower. This is likely to be a reflection of the activity of
h-catenin in stabilizing actin filaments in the F-actin–
cadherin complex. Similarly, the sloughing of presumptive
lens cells likely reveals a cell adhesion failure that is a
consequence of the requirement for h-catenin for functional
cadherin complexes. It may also be that, in the absence of h-
catenin, cadherin transport to the plasma membrane is
defective (Chen et al., 1999). The compromised formation
of tight junctions, as indicated by reduced labeling of
presumptive lens epithelium for the tight junction marker
ZO1, is likely a result of the requirement that adherens
junctions are intact if any type of epithelial junction is to
assemble (Gumbiner et al., 1988). The observed defect in
presumptive lens cell adhesion and coordinated epithelial
behavior in h-catenin loss-of-function embryos might have
been anticipated based on a prior understanding of h-catenin
function.
b-catenin suppresses lens fate in nasal periocular ectoderm
Several lines of evidence suggest that, at the stages we
have analyzed (post E8.75), the canonical Wnt pathway is
not normally active in the region of central ocular ectoderm
fated to become the lens. The TOPGAL reporter is not
expressed in this region (even though it becomes active
when h-catenin is artificially stabilized). Similarly, while we
can detect h-catenin that is nuclear localized in the
presumptive lens of gain-of-function mutants, we have not
been able to detect nuclear h-catenin in this region of the
normal animal. This contrasts with what is found just
outside the eye in nasal region periocular ectoderm where
TOPGAL is strongly expressed. The TOPGAL-positive
nasal ectoderm is destined to become nasal conjunctival
epithelium and the epithelial component of the Harderian
gland. This distribution of Wnt-responsive cells in ocular
ectoderm suggests that the regional influence of the canon-
ical Wnt pathway might be important in the different
ectodermal fate decisions that appropriately pattern the eye.
Consistent with this notion, loss of h-catenin function
throughout the ocular ectoderm has distinct consequences
for central and nasal periocular ectoderm. Centrally, in
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adhesion and morphogenesis defects, and despite the
increased number of apoptotic figures, there is no obvious
impact on the normal sequence of appearance of lens fate
markers. At early stages, the key lens induction marker Pax6
(Grindley et al., 1995; Wawersik et al., 1999; Gotoh et al.,
2004) is expressed, Prox1, a marker for fiber cell
progenitors (Wigle et al., 1999) upregulates on cue, and
the fiber cell marker h-crystallin is expressed at high levels.
Similarly, loss of the Wnt pathway coreceptor Lrp6 (Pinson
et al., 2000) does not prevent the upregulation of lens
induction markers Pax6 and Sox2 (Kamachi et al., 1998;
Faber et al., 2001). These data suggest that there is no
essential function for the canonical Wnt pathway in lens
development between E9.5 (when h-catenin levels drop in
the loss-of-function embryo) and approximately E12.5,
when an analysis of Wnt pathway gene expression (Stump
et al., 2003), of TOPGAL activity (ANS RAL, unpublished
and Liu et al., 2003), of Lrp6 mutant mice (Stump et al.,
2003), and of Wnt pathway function (Lyu and Joo, 2004)
suggests an important role in development of lens epithelial
and fiber cells.
Also consistent with the idea that regionally regulated
Wnt responses are critical in patterning the eye is the
observation that h-catenin loss-of-function results in the
formation of ectopic lentoid bodies outside lens-fated ocular
ectoderm. These structures range from a few cells to sizable
ectopic lentoid bodies, the latter forming most often just
nasal to the eye in the region of ectoderm that is normally
TOPGAL-positive and which forms the conjunctival and
Harderian gland epithelia. This region also normally
expresses Pax6 (Williams et al., 1998) and the lens-cre
transgene that is based on the Pax6 gene (Ashery-Padan et
al., 2000). As might be expected, we observe loss of h-Fig. 9. Wnt signaling suppresses eye fates in periocular regions. (A) Section throug
5.0-lacz (Williams et al., 1998). The nasal anterior region of ectoderm that expresse
In this periocular region, we propose that the canonical Wnt pathway is required to
pathway diagram below panel (A). Similarly, in the Drosophila eye-antennal ima
region adjacent to the antennal component of the disk (red dashed ellipse). In th
(Treisman and Rubin, 1995). These data argue that this level of ocular patterningcatenin as well as AP signal from the Z/AP reporter in nasal
periocular ectoderm from E9.5 onwards. Importantly, the
absence of TOPGAL expression in nasal periocular ecto-
derm in the lens-cre; Catnbtm2Kem/tm2Kem mice indicates that
canonical Wnt pathway activity has ceased. With this, one
explanation for the formation of ectopic lentoid bodies is
that the Wnt pathway normally redirects periocular ecto-
derm away from lens fate in favor of other structures. We
suggest that in the absence of h-catenin and Wnt signaling,
the lens forming potential of ocular ectoderm remains
unmodified and the result is ectopic lens formation. The
suppression of normal lens development according to both
fate marker and morphological assessments in the h-catenin
gain-of-function embryos is entirely consistent with this
explanation. This model (Fig. 8A) is also consistent with
evidence showing that Pax6 is a potent, cell-autonomous
inducer of lens formation that is both necessary (Fujiwara et
al., 1994; Ashery-Padan et al., 2000; Collinson et al., 2000)
and sufficient (Altmann et al., 1997; Chow and Lang, 2001).
The mechanism of neural fate acquisition in surface
ectoderm expressing stabilized h-catenin is currently
unclear but could reflect the close ontogenic relationship
between neural and placodal ectoderm.
While this is an attractive hypothesis for the formation of
the major, nasally located ectopic lentoids, it may not
explain the formation of all ectopic lentoid bodies.
Specifically, a series of small ectopic lentoids are distributed
well outside the periocular region as far removed from the
eye as the anterior facial and mandibular ectoderm. While
this is consistent with the region where lens-cre is active,
there is no indication from the TOPGAL line that these
regions are Wnt-responsive. While it is quite possible that
TOPGAL does not accurately report Wnt responsiveness in
all cell types, there may be a more general explanation forh the eye region of an E12.5 embryo from the Pax6 expression reporter P6
s Pax6 and is Wnt-responsive (Fig. 1) is indicated by the red dashed ellipse.
redirect Pax6 expressing ectoderm away from lens fate as indicated in the
ginal disc, Eyeless expression (green signal) extends anteriorly in a ventral
is region, it has been shown that Wingless signaling suppresses eye fates
mechanism is conserved through evolution.
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cell adhesion defects that result from h-catenin loss-of-
function, ectodermal cells may be generally less responsive
to regional signaling molecules. This could occur secon-
dary to a loss of intimate cell–cell contact (something that
has been considered previously when adherens junctions
are lost; Perez-Moreno et al., 2003) or because in some
settings, the function of receptor tyrosine kinases is
dependent on the existence of intact junctional complexes
(Carmeliet et al., 1999). Perhaps, if there is a general lack
of responsiveness to extrinsic signals, Pax6 expressing
facial ectoderm will, by default, adopt a lens fate. It is also
possible that, in the absence of normal adhesiveness,
formation of some distant ectopic lentoid bodies might
result in part from aberrant migration of Pax6 expressing,
lens-competent cells. Further investigation will be required
to evaluate these possibilities.
The activity of the canonical Wnt pathway in suppressing
eye fates outside the eye region may be an evolutionarily
conserved activity (Fig. 9). Specifically, it has been shown in
Drosophila melanogaster that peripheral regions of eyeless
(Pax6) expressing eye imaginal disc normally fated to
become head cuticle will adopt the central eye fates of
ommatidial cells in loss-of-function Wingless flies (Fig. 9B;
Treisman and Rubin, 1995). Furthermore, ectopic expression
of Wingless in the central eye imaginal disc will suppress
progression of the morphogenetic furrow and acquisition of
eye fates (Treisman and Rubin, 1995). While it is likely that
the fate acquisition mechanisms are distinct in detail in Mus
musculus and D. melanogaster, it is also possible that the
general requirement for Wnt pathway-mediated suppression
of eye fates in periocular regions reflects a developmental
adaptation in a species of common origin.Acknowledgments
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